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SUMMARY 

The e f f e c t s  of grav i ty  on boi l ing  from a f l a t  
hor izonta l  sur face  i s  inves t iga ted  i n  the  heat  f lux 
range def ined as t h e  d i s c r e t e  bubble region f o r  var- 
ious subcoolings, f l u i d  proper t ies  and heat t r a n s f e r  
ra tes .  The zero gravi ty  d a t a  were obtained by 
allowing t h e  experimental package t o  f r e e  f a l l  in a 
100 f o o t  drop tower, which permitted the  attainment 
of iess t i a n  io-5 t i m e a  eacLi1 gie-v<,t>-. 
from high speed motion p i c t u r e s  ind ica ted  t h a t  b o i l -  
ing  w a s  independent of grav i ty  at high subcooling 
and t h a t  t h e  t r a n s i t i o n  from t h e  d i s c r e t e  bubble 
region occurred at a lower h e a t  f l u x  i n  zero gravi ty  
than i n  normal gravi ty .  Application of an ana lys i s  
t o  t h e  d a t a  ind ica ted  t h a t  a newly defined pressure 
f o r c e  w a s  of major importance i n  br inging about 
bubble separat ion.  
In t roduct ion  

i n  t i e  i w i  decade Lil t :  ecfei i t i f ic  CG~GX::L+~~ k..=~ bee?? 
confronted with a whole new c l a s s  of problems 
because of t h e  d e s i r e  of man t o  t r a v e l  i n  the  low 
g r a v i t y  environment of space. Tanks containing 
cryogenic l i q u i d s  used as rocket  propel lants ,  and 
i n  l i f e  support  systems, w i l l  be  subjected t o  energy 
input  from s o l a r  r a d i a t i o n  and other  sources. 
a s e a l e d  t a n k  t h i s  energy input  w i l l  cause t h e  tank 
pressure  t o  increase  and as a r e s u l t  t h e  l i q u i d  bulk 
may become subcooled (Ref.  1). Consequently, one Of 
t h e  areas of i n t e r e s t  f o r  reduced gravi ty  research 
has  been h e a t  t r a n s f e r  and, i n  p a r t i c u l a r ,  t h e  sub- 

E=%= t~k:: 

For 

cooled nucleate  b o i l i n g  process. 

The pioneering work In t h i s  f i e l d  w a s  c a r r i e d  out  by 
Dr. Robert Siege1 and co-workers (Refs. 2 t o  6 )  a t  
t h e  Lewis Research Center. These inves t iga tors ,  

using a 12- f o o t  drop tower which made ava i lab le  

approximately 1 second of reduced gravi ty  time, 
photographed t h e  g r a v i t a t i o n a l  e f f e c t  on water b o i l -  
iw at s a t u r a t i o n  conditions. This work revealed 
t h e  importance of bubble dynamics on hea t  t r a n s f e r  
processes i n  low g r a v i t y  environments. 

The purpose of t h i s  paper i s  t o  present  a summary of 
t h e  r e s u l t s  of an extension of t h i s  i n i t i a l  e f f o r t  
t o  s tudy t h e  e f f e c t  of zero gravi ty  on b o i l i n g  f o r  
var ious subcoolings, f l u i d  proper t ies ,  and heat  
transfer rates (Refs. 7 and 8). Analysifi of t h e  
photographic d a t a  included a s t a t i s t i c a l  study of 
t h e  maximum radii and lifetimes of t h e  generated 
bubbles and ca lcu la t ion  of t h e  forces  ac t ing  during 
t h e  growth and co l lapse  of t h e  bubbles on the  gen- 
e r a t i n g  surface. From these r e s u l t s ,  i n t e r p r e t a -  
t i o n s  regarding t h e  dynamics of bubbles and e f f e c t s  
on t h e  b o i l i n g  processes a r e  made and discussed. 
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SYMBOLS 

D 

F 

FB 

FDr 

F% 
FP 

FS 

FSY 
g 

gc 

g0 

R 

Itr 
f. 

V 

'b 

Y 

P 

V 

diameter, f t  

Force, lb - force  

buoyancy force ,  lb-force 

drag force ,  lb-force 

dynamic force,  lb - force  

pressure force ,  lb - force  

t o t a l  sur face  tension force,  lb-force 

sur face  tension force ,  lb - force  

acce lera t ion  due t o  grav i ty ,  ft/sec2 

g r a v i t a t i o n d  constant ,  (lb-mass/lb-force) 
(ft/sec2) 

f t / sec2  
s tandard acce lera t ion  of grav i ty  on ear th ,  

radius  measured from bubble center  of mass, f t  

radius  of curvature  of top  surface,  f t  

time, sec  

bubble t o t a l  volume, f t 3  

bubble volume d i r e c t l y  over base,  f t 3  

d is tance  above hea ter  sur face  t o  bubble center  

dynamic v i s c o s i t y  ( lb-force)  ( s e c ) / f t 2  

ve loc i ty ,  f t / sec  

of mass, f t  
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1-7 densi ty ,  lb-mass/ft3 

u sur face  tension,  lb - force / f t  

T dimensionless t i m e  

'p contact  angle  

Subscr ipts :  

b base 

2 l i q u i d  

m a x  maximum 

S hea ter  sur face  

Sa t  sa tura ted  condi t ions 

v vapor 

ANALYSIS 

Bubble Model 

I n  order  t o  ca lcu la te  t h e  volurpe and center  of maas 
of t h e  generated vapor mass, a bubble model is 
assumed. The only r e s t r i c t i o n s  placed on t h e  model 
are t h a t  it i s  symmetric with respect  t o  t h e  y-axis, 
as shown i n  f i g u r e  1, and t h a t  the sur face  of the 
bubble d i r e c t l y  over t h e  base is a spher ica l  segment. 
Simple geometric formulas cannot be used t o  calcu- 
late bubble t o t a l  volume because of t h e  general  
na ture  of t h e  model. Consequently, volume i s  deter-  
mined by an i n t e g r a t i v e  method i n  which a bubble i s  
divided i n t o  segments, t h e  volumes of which can be 
approximated i f  they a r e  assumed t o  be c i r c u l a r  
disks. 
t h e  t o t a l  volume. The volume d i r e c t l y  over t h e  
bubble base  is  obtained by assuming t h a t  t h e  volume 
is a r i g h t  c i r c u l a r  cy l inder  with a segment of a 
sphere as a cap. 

i t s  motion i s  determined from t h e  loca t ion  of t h e  
plane p a r a l l e l  t o  the  hea ter  surface which divides  
t h e  bubble i n  h a l f  with respec t  t o  its t o t a l  volume. 

BUBBLZ FORCES 

General. - An a n a l y t i c a l  inves t iga t ion  of t h e  
dynamics of a bubble on a heated surface results i n  
t h e  i d e n t i f i c a t i o n  of buoyancy, sur face  tension,  
pressure ,  drag, and dynamic forces. The force  
assoc ia ted  with t h e  vapor weight i s  neglected because 
t h e  experimental condi t ions are such t h a t  it is  very 
small. However, f o r  all f l u i d s  near t h e  cri t ical  
thermodynamic s t a t e  and f o r  some f l u i d s  t h a t  do not 
have a l a r g e  d i f fe rence  between l i q u i d  and vapor 
dens i ty ,  such as hydrogen, t h i s  force  is l a r g e  
enough t o  be inciuaed. 

Buoyancy force.  - Buoyancy on an object  submerged i n  
a l i q u i d  i s  caused by t h e  d i f fe rence  between t h e  
e x t e r n a l  hydros ta t ic  pressure force  on i t s  top sur- 
face and the  ex terna l  hydros ta t ic  pressure force  on 
i t s  bottom surface. Therefore, f o r  a bubble attached 
t o  a heated surface,  t h e  volume of the  bubble direct-  
l y  over t h e  base does not generate  a buoyant force  
because of t h e  l a c k  of l i q u i d  beneath the  base; 
t h e r e f o r e ,  t h e  buoyancy force ,  as derived i n  re fe r -  
ence 7, i s  

The sum6 of t h e  volumes of the  d isks  produce 

The center  of mass of a bubble used t o  descr ibe 

and it acts i n  a d i r e c t i o n  opposi te  t o  t h e  acce ler -  
a t ion due t o  gravi ty .  

Surface tens ion  force.  - A sur face  tension force  i s  
generated at  t h e  boundary of a l i q u i d  and some 
o t h e r  substance, such as a vapor o r  a so l id .  
Therefore, such a force  e x i s t s  at t h e  base of e 
bubble a t tached  t o  t h e  hea ter  sur face  at t h e  
boundary of t h e  l i q u i d ,  vapor, and s o l i d  surface.  
The d i r e c t i o n  of t h i s  force  i s  perpendicular t o  the  
boundary and i n  t h e  plane of t h e  l iquid-vapor  i n -  
t e r face .  Surface tension is def ined as t h e  r a t i o  
of  t h e  sur face  force  t o  t h e  length along which t h e  
f o r c e  a c t s ,  which, f o r  an at tached bubble, i s  

FS us = - "Db 
The hor izonta l  component of the  f o r c e  i s  cancel led 
out  around t h e  circumference of t h e  bubble base and 
only t h e  v e r t i c a l  component remains, such t h a t  

F - s i n  cp 
sY 

(3) 

The contact  angle, cp, is t h e  angle at t h e  base be- 
tween t h e  llquid-vapor i n t e r f a c e  and t h e  hea ter  
surface, 88 shown i n  f i g u r e  1. !Ibis f o r c e  r e t a r d s  
the movement of a bubble from t h e  surface. 

Fressure force.  - The ne t  f o r c e  due t o  t h e  uniform 
pressure on a bubble sur face  is zero f o r  a bubble 
surrounded by l iqu id .  For a bubble a t tached t o  a 
surface,  however, t h e  ne t  i n t e r n a l  pressure force  
on t h e  spher ica l  sur face  a r e a  d i r e c t l y  over t h e  
base is unbalanced. 
i n s i d e  t h e  bubble than outs ide,  t h e  f o r c e  a c t s  t o  
remove the  bubble from t h e  surface. The d e t a i l e d  
der iva t ion  of t h i s  force  i n  reference 7, f i e l d s  

Because t h e  pressure i s  g r e a t e r  

(4) 
1 "% 

F~ z "sat 

Dreg force. - Viscous e f f e c t s  on a bubble a r e  con- 
cerned with t h e  motion of t h e  l i q u i d  which surrounds 
*I-- "llr ~. l -~. i - .  " U Y Y I - ,  +hnr-*nrn -I.--"----> - n --_- h n ~ . ~ i n a ~ ~  -_-_ pf the i i nn i ,q  
flow f i e l d s  is necessary. I n  reference 7 it w a s  
observed t h a t  during t h e  growth of a bubble t h e  
l i q u i d  flow i s  similar t o  a source type. Comparison 
of t h e  viscous and l i q u i d  i n e r t i a  terms i n  t h e  
equation of motion, as presented i n  reference 8, in -  
d i c a t e  t h a t  f o r  t h i s  flow condi t ion t h e  viscous 
terms may be neglected. 

During co l lapse  of a bubble t h e r e  w a s  evidence of 
flow around t h e  l i q u i d  vapor in te r face .  Conse- 

t h e  form of a drag force,  
yue,,tly, *3e < - i s c T G G  cffcetc zq be Ie;rPSenteC? i n  

as derived i n  reference 7. 

Dynamic force.  - The last force  t o  be considered is 
termed t h e  dynamic force  9. This f o r c e  is asso- 
c i a t e d  with e f f e c t s  on the  bubble caused by t h e  

2 



dynamics of t he  bubble and the  l i qu id  flow f i e l d  
surrounding the  bubble. The nature  of t h i s  dynamic 
force  has not been c l ea r ly  defined so t h a t  d i r e c t  
formulation is speculative.  Therefore, i n  t h i s  
work, t he  force  is obtained by applying Newton's 
second l a w  of motion t o  t h e  generated vapor masses, 
or 

F = d (MVv) a t  

I f  it is  assumed t h a t  t h e  pos i t i ve  fo rce  d i r ec t ion  
i s  t h a t  of increasing y ,  as shown i n  f i g u r e  1, t h e  
l e f t  s i d e  of equation (9 )  may be  expanded i n  terms 
of t h e  i d e n t i f i e d  forces :  

I f ,  a t  any in s t an t ,  a bubble is  considered t o  be a 
r i g i d  body whose motion is described by t h e  movement 
of i t s  center  of mass, t h e  i n e r t i a  s i d e  of t h e  
equaticn may be expanded i n  terms of measurable 
quan t i t i e s  such t h a t  

When t h e  bubble i s  observable on t h e  sur face ,  t h e  
absolu te  pressure  changes within t h e  bubble a r e  
s m a l l ,  so t h a t  t h e  change of vapor dens i ty  with time 
may be  considered negl ig ib le .  Therefore, when t h e  
last term on the  r i g h t  i n  equation (11) is dropped 
and the  equation is solved f o r  t h e  dynamic force,  

APPARATUS, EXPERlMENTAL PROCEDURE, 

AND DATA REDWTION 

The zero g rav i ty  da t a  w a s  obtained i n  a drop tower 
( f ig .  2) by allowing t h e  experiment package t o  
undergo an %-foot unguided f r ee - f a l l .  A grav i ty  
l e v e l  of less than 10-5 go (termed zero gravi ty  i n  
t h i s  work) r e su l t ed  by having t h e  package f a l l  i n  a 
p ro tec t ive  a i r  drag sh ie ld .  Deceleration occurred 
after 2.25 seconds when wooden spikes mounted t o  the  
drag sh ie ld ,  imbeded i n  a box of sand. The exper- 
iment package contained a bo i l ing  apparatus,  csmera 
and l i g h t i n g  equipment, power suppl ies  and asso- 
c i a t ed  cont ro ls .  Within t h e  bo i l ing  apparatus were 
a s t r i p  hea te r  (a chrome1 s t r i p  with an e f f e c t i v e  
hea t ing  l eng th  of 0.50 in.  ), a secondary hea ter  
which w a s  used t o  con t ro l  t h e  temperature of t he  
bulk of t h e  l i q u i d ,  a thermis tor  t o  monitor the  bulk 
temverature,  and a temperature sensing device on the 
underside of t h e  primary heater.  me 16  mm motion 
p i c tu re  camera provided a fi lming r a t e  of approxi- 
mately 6500 p ic tu re s  per  second. 

P r i o r  t o  a d a t a  run, the glassware w a s  cleaned and 
t h e  primary hea te r  w a s  polished and r insed  with 
Ethanol. The test  l i q u i d  w a s  deaerated by bo i l ing  
p r i o r  t o  i t s  in se r t ion  i n  t h e  bo i l ing  apparatus. 
After f i l l ing t h e  b o i l e r  and r a i s i n g  the  package t o  
t h e  t a p  o f  t h e  drop tower, t h e  test  l i q u i d  w a s  

heated t o  i t s  approximate sa tu ra t ion  trrnpcraf.iir~- 
with t h e  secondary heater. Power t o  t h i s  heat<-r 
w a s  removed and t h e  s t r i p  hea te r  was turned on  and 
set a t  a power l e v e l  t h a t  i n i t i a t e d  boi l ing .  Be- 
cause t h e  heat input  by the  s t r i p  hea te r  was not  
s u f f i c i e n t  t o  maintain sa tu ra t ion  conditions,  t h e  
bulk  cooled t o  t h e  se l ec t ed  subcooling. 
l e v e l  t o  t h e  s t r i p  hea te r  was then increased t o  the  
des i red  l e v e l  and t h e  package dropped. Motion 
p i c tu re s  were taken during t h e  l as t  1 .25  seconds of 
zero g rav i ty  t i m e .  
same as j u s t  described with t h e  addi t ion  of moni- 
t o r i n g  t h e  temperature sensing device mounted 
beneath t h e  s t r i p  heater.  

The bubbles recorded on t h e  100 foo t  r o l l s  of f i l m  
were viewed, measured, and counted on a motion 
analyzer t h a t  magnified t h e  image e igh t  times. A 
s tatist ical  ana lys i s  involved t h e  recording of 
bubble l i f e t i m e  and m a x i m u m  rad ius  f o r  as many as 
f i f t e e n  bubbles a t  each test condition. Because of 
t h e  l a r g e  volume of work required,  a computer was 
used t o  perform t h e  ca l cu la t ions  f o r  t he  fo rce  
analy 8 i s . 
For a m r e  d e t a i l e d  descr ip t ion  of t h e  above de- 
sc r ibed  equipment and procedures, see re fe r -  
ences 7 and 8. 

RESULTS AND DISCUSSION 

Bubble Charac t e r i s t i c s  

The primary purpose of t h e  work of t h e  authors has 
been t o  determine t h e  e f f e c t  of grav i ty  on bo i l ing  
under conditions i n  which t h e  formation and depar- 
t u r e  of ind iv idua l  bubbles on a heated su r face  
dominated t h e  hea t  transfer mechanism. Therefore, 
one of t h e  c h a r a c t e r i s t i c s  s tud ied  s t a t i s t i ca l1 .y  w a s  
t h e  maximum r a d i i  bubbles a t t a ined  while they were 
a t tached  t o  t h e  surface.  This w a s  inves t iga ted  f o r  
a range of subcoolings and hea t  t r a n s f e r  rates and 
f o r  various f l u i d  proper t ies .  

For water at high subcooling, l i t t l e  d i f fe rence  was 
evident between t h e  normal and zero gravi ty  r e s u l t s  
as shown i n  f i g u r e  3(a).  However, f o r  low subcool- 
ing t h e r e  was a t rend  t o  l a r g e r  bubbles i n  zero 
g rav i ty  than i n  normal gravity.  In  f a c t ,  f o r  t h e  
lowest subcooling i n  zero g rav i ty ,  it appeared t h a t  
a t r a n s i t i o n  out  of t h e  d i s c r e t e  bubble region was 
tak ing  p lace  because of t h e  considerable amount of 
coalesence t h a t  occurred. ' 

The e f f e c t s  of a reduction i n  sur face  tens ion  were 
inves t iga ted  by t e s t i n g  a l i q u i d  (an ethanol-water 
so lu t ion )  with a sur face  tens ion  approximately 
30 percent t h a t  of water. The dens i ty  and v i scos i ty  
of t h i s  so lu t ion  were approximately t h e  same as t h a t  
f o r  water. The r e s u l t s  along with those f o r  water 
are shown i n  f i g u r e  3(b). Considering t h e  d a t a  a t  

un l ike  water, t he re  w a s  l i t t l e  d i f fe rence  between 
t h e  normal and zero gravi ty  d a t a  a t  a l l  t h e  subcool- 
ings  tes ted .  

Las t ly ,  t h e  e f f e c t  of hea t  t r a n s f e r  r a t e  f o r  t h e  
ethanol-water so lu t ion  i s  also indica ted  i n  f i g -  
u re  3(b). No e f f e c t  of g rav i ty  as a function of 
heat t r a n s f e r  rate i s  evident. However, i t  should 
be noted tha% no da ta  i s  presented f o r  t he  h igher  
hea t  t r a n s f e r  r a t e s  at low subcooling i n  zero 

The power 

Normal grav i ty  t e s t i n g  was t h e  

spi;rGxir;stely .$.$ CC:: EtG/&-&, is e-"-ident that, 
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gravi ty .  
(1) the  r e l a t i v e l y  high population dens i ty  and 
( 2 )  the  f a c t  t h e  bubbles l ingered  i n  t h e  v i c i n i t y  of 
the sur face  a f t e r  separa t ion  suggests t h a t  a t rans-  
t i o n  out of t h e  d i s c r e t e  bubble region was occurring. 

Another c h a r a c t e r i s t i c  which was inves t iga ted  
s t a t i s t i c a l l y  was bubble l i fe t ime,  o r  t h e  time a 
bubble remained at tached t o  t h e  surface.  'The 
r e s u l t s  of the e f f e c t  of grav i ty  as a funct ion of 
subcooling, sur face  tension and hea t  t r a n s f e r  rate 
on bubble l i f e t i m e  were s i m i l a r  t o  the  f indings of 
the  maximum r a d i i  study, as  shown i n  f i g u r e  4. 

The s t a t i s t i c a l  data  suggests t h a t  g r a v i t y  i n -  
dependent bo i l ing  occurred f o r  high subcooling with 
a l l  the  t es t  l i q u i d s  and f o r  low subcooling a t  the  
lower h e a t  t r a n s f e r  rates with t h e  ethanol-water 
so lu t ion .  However, before p o s i t i v e  conclusions can 
be drawn, a d e t a i l e d  study of the  forces  ac t ing  on 
t h e  bubbles i s  necessary i n  order  t o  determine t h e  
importance of grav i ty  on t h e  dynamics of the  bubbles. 

Discussion of Forces 

Effec t  of subcooling. - Force h i s t o r i e s  ( p l o t s  of 
force  aga ins t  time) f o r  water a r e  presented f o r  high 
and l o w  subcooling i n  normal and zero g r a v i t y  i n  
f i g u r e  5. A t  low subcooling, the  r e l a t i v e l y  l a r g e  
r o l e  of the buoyant force  i n  normal grav i ty  
necess i ta ted  the  increase of the  dynamic force  i n  
zero g r a v i t y  as compared t o  normal grav i ty  t o  
e f f e c t  bubble separat ion.  Hence, t h i s  condi t ion is 
g r a v i t y  dependent. I n  cont ras t ,  a t  high subcooling, 
t h e  unimportance of the  buoyant force  i n  normal 
g r a v i t y  accounts f o r  t h e  similar normal and zero 
g r a v i t y  h i s t o r i e s .  Therefore, from t h i s  force  d a t a  
and the statistical results it may be concluded 
t h a t  b o i l i n g  is independent of g r a v i t y  a t  high sub- 
cooling. 

The predominance of coalesence due t o  

Effec t  of v i scos i ty .  - I n  addi t ion  t o  t e s t i n g  a 
l i q u i d  with a surface tens ion  lower than water. one 
w a s  s e l e c t e d  which had a v i s c o s i t y  approximateb 
t e n  tines that of water, i .e.,  60 percent  sugar- 
water so lu t ion .  
t h i s  s o l u t i o n  was approximately t h e  same as t h a t  
f o r  water. 
not  presented earlier because t h e  u l t imate  con- 
c lus ions  regarding i t s  g r a v i t y  dependence a t  t h e  
d i f f e r e n t  subcoolings were t h e  same as f o r  w a t e r .  
However, dynamic e f f e c t s  caused by the  d i f fe rence  
i n  v i s c o s i t y  are apparent from t h e  force h i s t o r i e s .  
For water, t h e  drag force  was  so small t h a t  it was 
not  even p lo t ted ,  as shown i n  f i g u r e  6. Also i n  
t h i s  f igure ,  t h e  sucrose force  h i s t o r i e s  i n d i c a t e  
t h a t ,  although i n  normal g r a v i t y  t h e  drag was small 
i n  r e l a t i o n  t o  t h e  buoyancy and dynamic forces ,  
i n  zero g r a v i t y  near separat ion,  t h e  drag force had 
a value comparable t o  t h e  other  forces  and must 
have been a major f a c t o r  i n  determining t h e  

The surface tens ion  and dens i ty  of 

The s t a t i s t i c a l  d a t a  f o r  t h i s  l i q u i d  was 

rabu i inu i  uuiiuu uf t he  buLile. 

ETfect of  sur face  tension. - The s t a t i s t i c a l  
a n a l y s i s  ind ica ted  t h a t ,  f o r  t h e  ethanol-water s o h -  
t i o n ,  s i m i l a r  bubble c h a r a c t e r i s t i c s  were obtained 
i n  normal and zero g r a v i t y  a t  comparable subcool- 
ings.  A t  h igh subcooling t h i s  is r e a d i l y  exlained 
by the small r o l e  of t h e  buoyancy force i n  normal 
grav i ty .  
r e v e a l s  that a t  low subcooling t h e r e  i s  a g r e a t  
d i f f e r e n c e  between t h e  normal and zero gravi ty  

However, inves t iga t ion  of f i g u r e  7 

h i s t o r i e s .  Apparently, a t  low subcooling, '2 chun(:r: 
or changes took place i n  zero gravi ty ,  i n  addi t ion  
t o  the  e f f e c t i v e  absence of grav i ty ,  t o  enable the  
bubbles t o  separa te  from t h e  sur face  with approxi- 
mately the  same average maximum radius  and l i f e t i m e  
as was observed f o r  normal grav i ty .  

A di f fe rence  t h a t  was evident  between the  water and 
ethanol-water bubbles was t h a t  bubbles generated i n  
t h e  la t ter  were more spher ica l .  A measure of t h e  
d i s t o r t i o n  of t h e  bubbles from spher ica l  may be 
obtained from t h e  absolute  magnitude of the r a t i o  of 
t h e  pressure force  t o  t h e  sur face  tension force.  
For a p e r f e c t  sphere, t h e  value of t h i s  quant i ty  is 
uni ty .  The r a t i o  a l s o  r e f l e c t s  t h e  r e l a t i v e  
importance of t h e  pressure force  a s  a removal agent. 
A p l o t  of t h i s  d i s t o r t i o n  parameter versus dimen- 
sionless time ( t h e  r a t i o  of r e a l  t i m e  t o  bubble 
lifetime) in f i g u r e  8 ind ica tes  t h e  more spher ica l  
nature  of t h e  ethanol-water bubbles as compared t o  
those generated i n  water. It i s  a l s o  apparent t h a t  
at  low subcooling, t h e  ethanol-water bubbles i n  
zero g r a v i t y  were more spher ica l  than bubbles gen- 
e ra ted  i n  t h e  same l i q u i d  i n  normal grav i ty .  
fore ,  t h e  pressure  force  dominated bubble dynamics 
f o r  t h i s  l i q u i d  a t  high subcooling i n  both g r a v i t y  
l e v e l s  and low subcooling i n  zero gravi ty  as shown 
i n  f i g u r e  7. 

There- 

SuMMARf OF FiESULm 

An experimental study of the e f f e c t s  of grav i ty  on 
boi l ing  from a f l a t  hor izonta l  sur face  and i n  the  
heat f l u x  range defined as t h e  d i s c r e t e  bubble 
region f o r  var ious subcoolings, f l u i d  proper t ies ,  
and heat  t r a n s f e r  r a t e s  yielded t h e  f o l l o w i r ?  
results : 

1. Boiling was independent of grav i ty  a t  high 
subcooling. 

2. The -&rag on a bubble generated i n  a l i q u i d  
of  high v i s c o s i t y  i n  r e l a t i o n  t o  water and i n  a 
zero g r a v i t y  environment w a s  of importance near 
separat ion.  

3. A reduct ion i n  sur face  tens ion  from t h a t  of 
water r e s u l t e d  i n  t h e  average maximum r a d i i  and 
l i f e t i m e  c h a r a c t e r i s t i c s  of bubbles being s i m i l a r  i n  
normal and zero gravi ty .  

4 .  The average maximum r a d i i  and l i f e t i m e  
c h a r a c t e r i s t i c s  of bubbles generated i n  a l i q u i d  
with reduced sur face  tension compared t o  water 
showed no dependence on heat  t r a n s f e r  r a t e  i n  e i t h e r  
normal or zero gravi ty .  

5. For low subcooling, the  t r a n s i t i o n  from the  
d i s c r e t e  bubble region occurred a t  a lower heat  f l u x  
i n  zero g r a v i t y  than i n  normal grav i ty .  

. Aaa+ir\nal ___ -- "____ r + n A i ~ ~  - c c n c e r q i p ~  boiling i n  general are: 

1. The newly def ined pressure force w a s  of 
s ign i f icance  i n  determining t h e  motion of a gen- 
e ra ted  bubble. 

2. Viscous e f f e c t s  on a bubble were negl ig ib le  
during i t s  growth. 
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Figure 1. - Bubble model. 
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Figure 2. - 100-Foot drop tower. 
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Figure 3. -Effects of gravity as a function of subcooling, surface 
tension and heat transfer rate on bubble maximum radius. 
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(b) Surface tension and heat transfer rate. 

Figure 4. - Concluded. 
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(b) High subcooling zero gravity. 
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(d) Low subcooling zero gravity. 
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(c) Low subcooling normal gravity. 

Figure 5. - Dynamics of water bubbles at h igh and low subcooling in normal 
and zero gravity. 
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(b) Zero gravity sucrose. 
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Figure 6. - Dynamics of a sucrose bubble and a water bubble at approximately 
the same subcooling in normal and zero gravity. 
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(c) Low subcooling-normal gravity. 

Figure 7. - Dynamics of bubbles in an ethanolwater solution at low and high 

(d) Low subcooling-zero gravity. 

subcooling i n  normal and zero gravity. 
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Figure 8. - Distortion of bubbles from spherical at high 
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and low subcooling. 
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Figure 8. - Concluded. 
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